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Inductive Power Transfer System With Constant
Current-Constant Voltage Charging Tolerating
Misalignment Based on Multiobjective
Optimization for Compensation Topology

Qi Wang ¥, Zheng Li, Bin Yang

Zhengyou He

Abstract—Constant current (CC) and constant voltage (CV)
outputs are important in the inductive power transfer (IPT) system
for battery charging. However, the coupling changes caused by
the misalignment between the primary and secondary coils sig-
nificantly affect the system performance. To address this issue, this
article proposes a parameter design method based on the nondom-
inated sorting genetic algorithm-II algorithm for the IPT system to
tolerate mutual inductance and load variations in both CC and CV
modes. First, a mathematical model of the compensation topology
has been established to describe the output characteristics. In addi-
tion, the design steps are given to obtain system parameters, and a
specific example is designed accordingly. Finally, an experimental
setup was built, and the results show that the fluctuation of the
output current is less than 0.34 % when the load changes from 21 2
to 24 2 and the fluctuation of the output voltage is less than 2.69 %
when the load changes from 24 2 to 240 €2 as the mutual inductance
varies from 20 ;«H to 30 ;«H. During the whole process of the CC-CV
charging, the maximum efficiency is 93.5%.

Index Terms—Algorithm, constant current (CC), constant
voltage (CV), inductive power transfer (IPT), misalignment
tolerance.

1. INTRODUCTION

NDUCTIVE power transfer (IPT) system is based on mag-
netic coupling to transfer energy from a power source to

Manuscript received 9 April 2024; revised 21 June 2024; accepted 13 July
2024. Date of publication 30 July 2024; date of current version 26 Decem-
ber 2024. This work was supported in part by the National Natural Science
Foundation of China under Grant 52207226, in part by the Sichuan Science and
Technology Program under Grant 2023NSFSC0819 and Grant 2023JDRC0102,
in part by the Fundamental Research Funds for the Central Universities under
Grant 2682024CX025, and in part by the National Key Research and Devel-
opment Program of China under Grant 2023YFB4302002. Recommended for
publication by Associate Editor J. Acero. (Corresponding author: Yang Chen.)

Qi Wang, Zheng Li, Bin Yang, Ruikun Mai, Zhengyou He, and Yang Chen
are with the School of Electrical Engineering, Southwest Jiaotong Univer-
sity, Sichuan 611756, China (e-mail: wangqi2022@my.swjtu.edu.cn; li_zheng
@my.swjtu.edu.cn; yb@my.swjtu.edu.cn; mairk@swjtu.edu.cn; hezy @home.
swjtu.edu.cn; yangchen @swijtu.edu.cn).

Yuanfang Lu is with the State Key Laboratory of Alternate Electrical Power
System With Renewable Energy Sources, North China Electric Power Univer-
sity, Beijing 102206, China (e-mail: luyuanfang @ncepu.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2024.3435424.

Digital Object Identifier 10.1109/TPEL.2024.3435424

, Member, IEEE, Yuanfang Lu
, Senior Member;, IEEE, and Yang Chen

, Ruikun Mai ¥, Senior Member, IEEE,
, Senior Member, IEEE

an electrical device without any physical contact. Compared
with traditional plug-in power supply, the IPT system is more
convenient, user-friendliness, flexible, and safer. Due to these
advantages, it has been widely applied to a variety of applica-
tions, such as implantable medical devices, portable devices,
autonomous underwater vehicles, and electric vehicles [1], [2],
(31, [4].

When taking IPT technology for charging, a two-stage charg-
ing mode of constant current (CC) and constant voltage (CV)
is usually used to extend the battery life and ensure its safety.
In the initial stage, the battery is charged in CC mode, and the
battery voltage gradually increases. When the voltage reaches a
certain value, the charging process is turned into CV mode. The
battery current gradually decreases until it is less than a certain
value, and the charging ends [5]. Throughout the entire charging
process, the equivalent load of the battery is constantly changing,
ranging from tens to hundreds of ohms [6]. Besides, for an IPT
system, the primary winding connected to the power supply
is usually fixed, while the secondary winding is configured
on the electric equipment. As a result, it is hard to avoid the
misalignment between the pads, which makes misalignment
tolerance also a common problem encountered during IPT CC-
CV charging. It can lead to a decrease in transmission power,
transmission efficiency, and system stability. Therefore, the IPT
system is always adopted to realize CC and CV outputs with
misalignment tolerance.

To address the above issues, control schemes are straightfor-
ward methods for IPT systems to achieve stable output against
load and coupling variations. For example, adding a variable
inductor [7], variable capacitor [8], or dc—dc converter [9] on
the primary or the secondary side can regulate the output. These
methods often require the accuracy and speed of the controller
based on primary and secondary communication [10]. In addi-
tion, if the ranges of load and mutual inductance largely change
simultaneously, it can increase the range of modulation depth,
which may lead to a decrease in efficiency [11]. As we know,
the control method is active regulation, and passive regulation
optimizing the compensation topology/pad of the IPT system
can also resist the load or coupling variation, which can simplify
control schemes [12], [13].
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The compensation topology with specialized design is com-
monly adopted to achieve CC and CV outputs. These methods
can be roughly divided into two categories according to whether
they can be switched adaptively or not. Incorporate switches
on the primary [5], [14], or secondary side [15] to form a
switching topology, and the different topology characteristics
give convenience to switch from CC to CV mode. However,
switching needs to detect the charging voltage and current. To
deal with this issue, some scholars have proposed new circuits
to realize self-sustain in CC and CV modes. Realizing automatic
switching usually requires an auxiliary coil. For example, a
three-coil system is used to form a clamp circuit [16], [17]. Based
on this, a family of circuit structures with different secondary
sides is analyzed [18], and cope with the desired charging
profile to configure the output thresholds of the charger with the
proper compensation. Even though these methods achieve good
implementation of CC and CV, the charge current and voltage of
these methods are dramatically affected without the alignment
of pads.

Misalignment of the pads usually causes a drop in mutual
inductance, which affects the stability of the output. Magnetic
coupler design [19], [20], [21], [22], [23], hybrid topology
[24], [25], [26], and parameter optimization [27], [28], [29]
have been taken to mitigate the problem. Some polarized coil
structures like double-D pads [19] and bipolar pads [20] are
advocated to build a uniform magnetic field so that coupling
variations during offsets are minimized. Asymmetric coils [21]
are also used to improve the lateral tolerance of the system.
Moreover, antiparallel windings [22] are employed to smooth
the coupling coefficient variation over different positions. To
exploit the magnetic field generated by both the receiving coil
and transmitting coil, a magnetic integration [23] with a shared
ferrite layer is designed to achieve CC output. More coils to
cooperate with the design are needed to enhance the system
performance of misalignment tolerance, which is more complex.
Concerning the hybrid topology structure, it is often combined
with two topologies, and the output gain of the two topologies
is opposite to the change in mutual inductance. By designing
reasonable parameters, the total output gain of the system is rel-
atively constant within a certain offset range. For example, it can
be a combination of inductor-capacitor-capacitor-series (LCC-
S) and S-LCC topologies with input-parallel/series-output-
series/parallel structure [24], or inductor-capacitor-inductor-
inductor-capacitor-capacitor (LCL-LCC) and series—series
(SS) topologies with input-parallel/series-output-parallel/series
structure [25]. Besides, four-coil couplers can also tolerate mis-
alignment [10], [26]. Hybrid topologies are more complex with
more components. To simplify the coil design and complexity,
parameter design is commonly adopted. In [27] and [11], two
design parameter methods are proposed for SS and LCL-S
topologies, which can make the maximum power drop no more
than 20% when the coupling coefficient changes from 0.08 to
0.2. However, they are limited by the fixed value of load. To
address this issue, a family of compensation topologies is used
to design compensation parameters with strong misalignment
tolerance [28]. With the resistance load varying three times and

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 3, MARCH 2025

coupling coefficient varying from 0.21 to 0.35, CC output with
5.78% fluctuation and CV output with 5.57% fluctuation can be
achieved, respectively. Moreover, The S-CLC [29] topologies
can be combined with particle swarm optimization to increase
the range of load variation. When the coupling coefficient in-
creases from 0.2 to 0.4 while the load increases from 50 €2 to
100 €2, the output voltage ripple is less than 6.61%. However, the
abovementioned methods usually only achieve CC, CV, constant
power output, or even neither of them, missing the CC-CV
charging function.

To resist a certain coupling coefficient range and achieve
CC and CV outputs simultaneously, there are mainly three
approaches. The first one is the combination of magnetic coupler
design (two coils connected reversely in series are applied on the
primary side) and automatic switching topology (SS and S/LCC
topologies) [30]. It can make the output fluctuations in CC and
CV modes less than 5% when the load varies ten times and
250 mm, 30 mm, or 15 mm misalignment in the X-, Y-, or Z-axis,
respectively. The second one is a magnetic coupler design with a
switching topology. For example, a three-coil hybrid IPT system
adds two mode switches that can satisfy CC and CV outputs with
improved tolerance of coupling variation and load-independent
output [31]. The last one is the hybrid topology connecting
with switching topology [32], [33], [34], such as a series of
hybrid topologies based on T-type and S-type networks [32]
and a hybrid topology formed by LCC-S and S-LCC topologies
[33]. Furthermore, an LCC-S series hybrid topology with the
configurable topology [34] performs the same function. The
fluctuations in CC and CV mode less than 5% can be achieved
when the range of coupling coefficient is 0.1 to 0.2 and the loads
vary from 19 Q to 70 €. Since the hybrid topology with three or
four magnetic couplers has a larger number of components, the
complexity of parameter design, system quality, and high cost
are nearly inevitable.

The main contributions of this article are as follows.

1) An optimal method of the compensation parameters based
on ST-type topology is proposed. The CC-CV charging
can be achieved considering the variations of the coupling
coefficient and load simultaneously. The proposed method
has fewer components without wireless communication,
dedicated coil design, or complicated control compared to
the prior related works.

2) The system with the optimized parameters can realize
multiobjectives under multiple limitations: output current
and voltage fluctuations, total losses, and ZVS condition.
The nondominated sorting genetic algorithm-II (NSGA-
II) [35], which has the advantages of easy implementation,
fast convergence speed, and high accuracy, is adopted to
obtain the parameters.

The rest of this article is expressed as follows. Section II
analyzes the basic structure and output characteristics of the
compensation topologies. An introduction to the NSGA-II al-
gorithm and the unified mathematical model of the system
parameters based on this algorithm is given in Section III. In
Section IV, the feasibility of the parameters designed by the
algorithm is verified. Finally, Section V concludes this article.
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Fig. 1.  Equivalent two-port network of the IPT system.
Zp
@
Fig. 2. ST-type compensation topology of IPT system.

II. SYSTEM TOPOLOGY ANALYSIS

To simplify the analysis, the IPT system is equivalent to
three cascaded two-part networks, which are the primary-side
compensated topology, the magnetic coupler network, and the
secondary-side compensated topology, as shown in Fig. 1. The
two-port network is driven by an inverter with angular frequency
w = 27f, where f represents the switching frequency of the
inverter. The input dc voltage E is converted by the full-bridge
inverter (Q1—Q4) to a high-frequency ac voltage Vp. Uo, Io, and
Rcq are the output voltage of the load-side output voltage, the
load-side output current, and the equivalent ac load, respectively.
It can be expressed in

2v/2 8

2v/2
7E7 Req = 72R7 UO = \/>
™ m

LV& Io = —1Is
T

22
(D

To reduce the number of the system’s components and in-
crease the design flexibility, the ST-type compensation topology,
as shown in Fig. 2, is used to design the CC-CV charging IPT
system. Ip and Ig; are the currents of the primary and secondary
coils, respectively. Iso is the input current of the rectifier.

According to Kirchhoff’s voltage law, the mathematical
model of the ST-type compensation topology of the IPT system
can be expressed as follows:

Ir(Zp + jwlp) + juMIs = Vp
Is1(Zs1 + Zso + jwLs) + jwMIp 4+ Zgolso =0
Iso(Zgo + Zg3 + Req) + Zs2Is1 =0

Associating (1) and (3), the output voltage U, output current
1o, and input impedance Z;;, are solved as

Vp =

@)

Ue — : 2V2MZs E

o SAL 4 o2 (A(Zeo+Zs3)—Zes” (Lp+2p) )
o 8MZ. E

O 8AR+jUJ7T2(A(Zs2+Z53)_ZS32(Lp+ZP)) )
Ly = w((M?~wLpLs) B+L,C)

Ctjwl.B

where
A=—M?+(Ly + Zp) (Ze1 + Zs2 + Ls)
B =8R+ 12 (Zs + Zs3)
C = (8R+7%Zs3) (Zs1 + Zs2) -
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Fig. 3. ST-type compensation topology with two variable parameters.

From (3), coupling-independent outputs cannot be achieved
in the system. Coil misalignment can easily damage CC and
CV outputs, and compensation component parameters can also
affect the value of Ugp and Ip. To make the IPT system have
the inherent characteristics of tolerating the misalignment and
stabilizing output current and voltage, the parameters of the IPT
system must be properly designed.

III. PARAMETER DESIGN AND OPTIMIZATION

For the ST-type compensation topology of the IPT system, it
should achieve the following requirements.

1) CC-CV charging function.

2) Tolerating certain ranges of coupling and load.

3) Low fluctuation in CC or CV mode.

4) No communication between the primary and secondary

sides.

5) As few components as possible.

Considering the multiple objectives, it is difficult to satisfy all
of them when there is only one component as a variable [29].
Therefore, two components on the secondary side are preferred
to be chosen as variables, which have three cases, as shown in
Fig. 3. In each case, Z11 and Z12 denote the values of the two
variables when the system is switched from CC mode to CV
mode, respectively.

A. Introduction to NSGA- II Based on Nondominated Sorting

The NSGA-II is different from the single-objective particle
swarm optimization algorithm. It is based on nondominated
sorting and can set multiple objectives for the system by not
designing additional weights. The NSGA-II based on nondom-
inated sorting can be used to better design the IPT system with
misalignment tolerance and CC or CV output.

As shown in Fig. 4, taking the minimization of multiobjective
optimization problem as an example. For N objective functions
fix),i=1,2, ...., N, the set of solutions that *“ reduce the value
of other objective functions without increasing the value of one
objective function” is called the Pareto Front.

B. Defining the Decision Variables and Subspace

The choice of decision variables with the subspaces is the
primary issue in the parameter design of the compensation
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topology. For the ST topology, its compensation parameters Zp,
Zs1, Zg2, Zs3, and the to-be-switched parameters Z1q and Zro
are used as a part of the decision variables. Besides, Eis also used
as a decision variable to make the IPT system work within the
required input range. As a result, the design of compensation
topology for the CC-CV charging with antimisalignment is
treated as a seven-dimensional optimization problem.

For the compensation parameters Zp, Zs1, Zs2, Zs3, and the
parameters to be switched Zr; and Zro. The subspaces are
limited by the values of the passive compensation parameters,
which are limited by their cost, size, and tolerance. Therefore,
the limitations of the values of the compensation parameters are
given as

Z e [ZminaZmax] (4)

For the input voltage E, the value should be within a reason-
able range, which is given as follows:

IDNS [EminyEmax] (5)

C. Defining the Objective Function

1) Objective Functions for CC and CV Outputs: The output
fluctuation of the IPT system is the main concern when consid-
ering the variation of the coupling coefficient. The optimization
objective of its output current or output voltage fluctuation can
be defined as the integral of the output fluctuations within the
operating range of the IPT system, as shown in

fi(Zp, Zs1, Zs2, Zss, Zr1, Zra, E)

Mimax RCC,max
= / / I, — Ix|dRdM 6)
Mmin Y Rcc_min
fu(Zp, Zs1, Zs2, Zss, Zr1, Zr2, E)
Mmax RCV,max
= / / Uy — Ux|dRdM )
Myin RCV,min

where Iy and Uy are the rated output current and rated output
voltage, respectively. The range of the mutual inductance is
[Mnin, Minax]. The range of resistance in CC and CV modes
are [RCCfmins RCC?max] and [RC\/Lmin, RCV?maX], respectively.
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2) Objective Functions and Constraints for Efficiency: The
IPT system may operate in a detuned state with variations of
coupling coefficient and load, which increases the losses of the
inverter, coils, and rectifier.

The inverter power 10Ss Pryyerter cONsists of MOSFET turn-ON
loss Psw_ox, conduction loss Pcond, and turn-OFF 1oss Psw ope-
For the turn-ON loss Psw ox, zero voltage switching (ZVS) of
the MOSFET can reduce or even eliminate the turn-ON loss of
the MOSFET. Therefore, the compensation topology parameters
should make the input impedance of the system inductive over
the operating range of the system, which can reduce the inverter
power loss

L (M, Rl) > 0, L (M, Rg) >0
M e [MmiIn Mmax] 7R1 S [RCCfmina RCC?max]
RQ € [RCV_mina RCV_max] (8)

It should be noted that if the system input impedance is too
inductive, although ZVS can be realized, too large input current
will also cause the MOSFET to generate additional conduction loss
and turn-OFF loss. For the conduction loss Pcong and turn-OFF
loss Psw _orr, it can be expressed as [37]

Pcond(M, Ry) + Psw ot (M, Ry) = 2Ip(M, R1)*ry
+ 4V2E |TIp(M, Ry)| |sin [£ Zin (M, Ry)]|
Eo QRR)
X + =—
(VDDID f

Ir »
Pond(M, Ra) + Psw ot (M, Ry) = 2Ip(M, Ro)*rm,

+ 4V2E |Ip(M, Ry)| |sin [£ Zi (M, Ry)]|

Eoq QRR)
- 9
x (VDDID * Ir p f ©

where 7y, is the forward conduction resistance of the MOSFET;
Eorr 1s the MOSFET turn-OFF loss measured under the test con-
dition “MOSFET voltage at both ends is Vpp turn-OFF current is
Ip”. Orr is the reverse recovery charge of the diode. Ir.p is the
reverse recovery current of the diode, and the above parameters
can be obtained from the datasheet provided by the device
manufacturer. The above parameters can be obtained from the
datasheet provided by the device manufacturer.
The coil loss of the IPT system can be obtained as

Peoits(M, R1) = Pcoits p(M, R1) + Poois s (M, R1)
= Ip(M, Ry)*rp + Is(M, R)’rs

Peoits(M, Ra) = Pooiis p(M, R2) + Pcoils s (M, Rz)
= Ip(M, Ro)*rp + Is(M, Ry)*rs

M € [Muin, Mmax] s R1 € [Roc_mins Rcc_max)

RZ S [RCV_mina RCV_max] (10)

The rectifier used in this IPT system is composed of diodes,
and the Prectifier 1S mainly the conduction loss of the diode,
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which can be calculated as [38]

Y

2
Prectifier = TVRFIS + 2rgp I3

where Vi is the diode forward voltage and rrp is the equivalent
on-state resistance of the diodes in the rectifier. Since the system
achieves constant outputs, it can be assumed that the /g remains
constant when the coupling coefficient and load are varied.
Therefore, the rectifier loss does not need to be considered

fross (Zp, Zs1, Zsa, Zs3, Z11, Z12, E)

Mmax  fRcc_max
[ Peant )
Mmin Rcc_min

+ PInverter(M7 Rl )de dM

Max
+ /
M,

min

+ PInverter(M7 RQ)dRQCU\/[
s.t. ZZin(M, Rl) >0, AZin(M, Rg) >0,Me [Mmin» Mmax]

Rl S [RCC_mina RCC_max]a R2 S [RCV_mirn RCV_max] (12)

Rcv_max
PCoils(M7 RQ)

Rc V_min

The optimization objective of the system’s total power losses
can be defined as the integral of the power losses over the
operating range of the IPT system, as shown in (12)

Min [f; (Zp, Zs1, Zs2, Zs3, Z1, E)]
Min [fU (ZP> Zsla ZSZ7 ZSS7 ZT? E)]
Min [floss (ZP; Z517 ZSQv ZS37 ZT7 E)}

S.t. LZ(M,Ry) > 0, LZin(M, Ro) > 0,
M e [Mmiru ]\/[rnax] Rl c [RCCJniIn RCCfIIlaX] )

RZ S [RCV_mina RCV_max]

13)

In summary, the system optimization objective functions are
modeled as (13).

D. Design Process

First, the operating frequency f, rated output current /Iy, rated
output voltage E, and the range of equivalent loads [Rcc mins
Rcc max]s [ReV_mins Rov_max] in CC and CV modes of the IPT
system are determined according to the charging requirements.
Then, the range of the mutual inductance [M,in, Mmax] 18
determined. Next, the total number of iterations of the NSGA-II
algorithm 7 and the total number of particles N are determined.
Since the compensation topology design of the IPT system
does not limit the computational speed of the algorithm, the
number of iterations 7 and the total number of particles N can be
appropriately taken to be larger for the sake of the computational
accuracy and searching capability. The subspace ranges of the
design variables Zp, Zg1, Zs2, Zss, Z11, Z12, and E can be
obtained through (4) and (5). Finally, the optimal solution is
obtained according to the parameter design flowchart shown in
Fig. 5.
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Fig. 5. Design algorithm based on NSGA-II.

TABLE I
PREDETERMINED PARAMETERS OF THE SYSTEM

Parameters Value
Frequency f 85 kHz
Output current Iy 4 A
Output voltage Un 9% V
Transmitting coil self-inductance Lp 143 uH
Receiving coil self-inductance Lg 135 uH
Load resistance with CC mode Rcc [21 Q, 24 Q]
Load resistance with CV mode Rcvy [24 Q, 240 Q]

Mutual-inductance M [20 1H, 30 pH]

E. Design Example

The predetermined parameters of the IPT system are shown in
Table I, where the variations of the load and mutual inductance
are given. Based on these parameters and the flowchart in Fig. 5,
the Pareto Front of the compensation topology design of the
IPT system with different variable components is calculated by
MATLAB, which corresponds to the three cases in Fig. 3(a)—(c),
respectively. The number of iterations 7'is 1000. the total number
of particles N is 500. The appropriate scheme is selected from the
Pareto Front considering the system power losses and the out-
put fluctuation demands in CC-CV charging, i.e., the objective
function (13).

In Fig. 6, three cases are put in the same graph to visualize
and compare. It can be seen that when both f; and fi; are small,
the floss Will be large; when the fioss is small, f1, and fi; are large.
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TABLE I
CALCULATED PARAMETERS OF THE SYSTEM

parameters Designed Value parameters Designed Value
Z,/nF 28.66 Zso/nF 77.81
Zsi/mF, Zri/nF 50.78, 28 ZsajuH,  ZnpluH 81.18, 10.66
4 '
3 ’
<)
T
300
’21{8 2024 2 23 e
(1117) 22 2050 2! RO
(a)
Fig. 7. Simulated output current /o and voltage U varying with the load R

and mutual inductance M. (a) Io in CC mode. (b) Up in CV mode.

To achieve the case shown in the objective function (13), it is
needed to have f1, fu, and fioss as low as possible. The three cases
are compared and when Zg; and Zg3 are chosen as the switching
elements, the system produces smaller total losses at smaller
current and voltage fluctuations. Therefore, it is considered that
the case of Zg; and Zg3 chosen as the switching elements is the
best.

The appropriate solution can be selected in the Pareto Front
according to the total power losses and fluctuation requirements.
All the results obtained from the algorithm are prioritized in
Pareto Front. For the experimental verification, a typical set of
parameters is selected, as shown in Table II.

The simulation results using the optimal parameters are shown
in Fig. 7. In CC mode, the output current fluctuates by a maxi-
mum of 0.55% when the mutual inductance varies from 20 uH
to 30 uH and the load varies from 21 €2 to 24 . As shown
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for the IPT system.

in Fig. 7(b), the maximum fluctuation of the voltage is 1.52%
versus mutual inductance changing from 20 pH to 30 pH and
load varying from 24 €2 to 240 €. It can be seen that the charging
current in CC mode and charging voltage in CV mode can be
regarded as relatively constant.

IV. EXPERIMENTAL VALIDATION

The topology after optimization is shown in Fig. 8 according
to the selected parameters. In Fig. 8, Cp is the primary-side
compensation capacitor. Lp and Lg are the self-inductances of
the primary and secondary coils, respectively. M is the mutual
inductance. Cg11, Cgo, and Lg (Cs12, Cs2, and Lgo) form the
LCC compensation network on the secondary side. After the
full-bridge rectifier (77—T4) and filter capacitor Co, Up, and o
are used to charge the battery, denoted as the varying load R. In
addition, a series resonant filter consisting of capacitor Cr and
inductor Ly is added to attenuate harmonics if necessary [39].
Moreover, Cr and Ly should satisfy the resonance relationship.

The control logic for switches S and S2 to achieve CC and
CV are shown in Fig. 9. k, = Vrr/Uo is the voltage ratio. ug
is the charging voltage of the IPT system, which is obtained by
sampling. Uq_g is the critical voltage of switching. When the
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Fig. 10.  Experimental prototype.
TABLE III
EXPERIMENTAL PARAMETERS VALUE OF THE SYSTEM
parameters Value parameters Value
Cp/nF 28.5 Lsi/juH, LsyuH 12.96, 82.4
Cs]l/nF, Csn/ﬂF 30.1 1, 22.8 C]:/nF 28.05
Cso/nF 77.3 LyjuH 125

output mode is 4 A/96 V, Up_g is set to 96 V. During the CC
charging process, 1o gradually increases. When up > Ug_s, the
controller will transmit a switching signal to the switches. The
switches S; and Sy are toggled and the system is operating in
CV mode. In CV mode, the charging voltage is maintained at
Uo, and the charging current I starts to decrease until it hits
the end-of-charge current. In general, when S; and Sy are ON,
the system operates in CC mode. On the other hand, when S
and S» are OFF, the system operates in CV mode.

To demonstrate the applicability of validating the proposed
topology and the above analysis, an experimental prototype
is constructed and displayed in Fig. 10. A set of parameters
was determined for the topology and subsequently measured.
Since the misalignment tolerance of the compensation topology
designed by the NSGA-II is not limited by the loosely coupled
transformer, a commonly used circular pad is adopted. The
designed parameters are listed in Table III. The four MOSFETS
(01—0Q4) use C2M0040120D, while the four rectifier diodes
(T1-T4) use GP2D050A120B. Litz wire and the ferrite core
specifications are AWG38 x 3.9 mm and PC40, respectively.
The input voltage is given by the dc power source Chroma
62150H-600. The oscilloscope Agilent DSO-X3034A is used
to verify the performance of the system. The battery load R
is replaced by an electronic load IT8816B. The experimental
prototype uses an open-loop controller for the primary inverter
to demonstrate that the proposed method allows the system to
resist coupling coefficient and load variations.

A. Results of CC and CV Outputs

In CC mode, the output current fluctuation range Alg is
defined by (14), where Iomax and Iomin are the maximum and
minimum output currents of the IPT system with varying R.
Likewise, in CV mode, the output voltage fluctuation range
AUg is defined by (15), where Uomax and Uomin are the
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Fig. 11.  Experimental waveforms of Ug and /o when R changes from 21 2
to 24 Q with different M in CC mode. (a) M = 20 pH. (b) M = 28 pH.
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Fig. 12.  Experimental waveforms of Uo and /o when R changes from 24 (2
to 240 2 with different M in CV mode. (a) M = 24 pH. (b) M = 30 pH.
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Fig. 13. Charging curves measured at maximum M.

maximum and minimum output voltages of the IPT system [29]

1 mx_I min
Alo = O ma; O

= 14
IOmax+IOmin ( )

o UO max UO min
UO max T UO min

In CC mode, Fig. 11(a) shows the waveforms of /o when M
=20 pH and R varies from 21 2 to 24 Q2. The current fluctuation
range of I is 0.12%. Fig. 11(b) shows the output waveforms
when M = 28 uH and R varies from 21 € to 24 Q. The current
fluctuation range of /o is only 0.24%. The system has a strong
ability to achieve constant current output.

In CV mode, Fig. 12(a) shows the waveforms of Uy when
M = 24 pH and R varies from 24 €2 to 240 2. The voltage
fluctuation range of Ug is 1.85%. Fig. 12(b) shows the output
waveforms when M = 30 pH and R varies from 24 € to 240 2.
The voltage fluctuation range of Ug is 2.05%. The system also
shows a strong ability to achieve constant voltage output.

The output voltage Uo, output current /o, and efficiency 7 of
the system at M = 30 pH are shown in Fig. 13. The Alp in CC
mode and AUp in CV mode are calculated as 0.34% and 2.05%,
respectively. Though there is tolerance between the parameters

AUg (15)
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used in the experiment and those obtained from the algorithm,
the current and voltage fluctuations are both less than 5%, which
means the IPT system performs well in CC and CV modes. The
system efficiency reaches a maximum value of 93.5% at R =
30 2. Besides, the output power decreases as R increases, with
a minimum efficiency of 81.02% when R is 240 €.

B. Results of Misalignment Tolerance

When M is the maximum (M = 30 pH) or the minimum (M
= 20 pH) value, the waveforms of the output voltage Vp and
output current /p of the system inverter and the input voltage Vg
and input current /go of the secondary full-bridge rectifier are
shown in Fig. 14. It is obvious that the input impedance of the
system is inductive both in CC mode and CV mode, which is
coincident with the objective function (8).

To demonstrate that the ZVS condition is achieved, the ex-
perimental waveforms of drain-source voltage vps_¢2 and gate-
source voltage vgs_g2 of Qo are shown in Fig. 15. The voltage
is measured considering the variation of the mutual inductance
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26 ’ 200 2%

4 150
4ﬁ40 2 100 o)

20 50

Fig. 17. Measured efficiency 7 varying with load R and mutual inductance M.

and load. It shows that before the vgs_ @9 rise, the vps_ g2 had
already fallen to zero, which indicates that the ZVS turn-ON for
the MOSFETs is achieved. The phase angle between Ip and Vp
might be large under some special conditions [see Fig. 15(d)],
but the total losses of the system are the lowest. This is because
the total lower losses of the whole charging conditions (CC-CV
charging with the ranges of equivalent load varying from 21 ) to
240 €2 and the mutual inductance varying from 20 pH to 30 pH,
respectively) is one of the optimal objectives, making the system
more efficient under all the conditions.

The output current I of the system in CC mode is shown in
Fig. 16(a). It is indicated that the output current fluctuates by
a maximum of 0.34% when the mutual inductance varies from
20 pH to 30 pH and the load varies from 21 2 to 24 ().

It can be indicated from Fig. 16(b) that the system can tolerate
the mutual inductance changing from 20 pH to 30 pH within
the load varying from 24 Q to 240 €2, and the output voltage
fluctuates by a maximum of 2.69% in CV mode. It is considered
that the parameters calculated by the algorithm can realize CV
within the constraints. Generally, the fluctuations of voltage and
current both less than 5% enable the system to realize CC-CV
charging well. The feasibility of the NSGA-II algorithm applied
to the parameter design of IPT systems is verified. Compared
with the simulation results shown in Fig. 7, the current in CC
mode and the voltage in CV mode are 2.34% and 2.3% higher
than that in the simulation, respectively. It is reasonable that
there is a tolerance between the experimental and simulation
parameters.

The measured efficiency is from the dc power source to the
dc output. The efficiency of the system 7 is shown in Fig. 17,
where the maximum efficiency is 93.5% at M = 30 pH and the
minimum efficiency is 70.5% at M = 20 pH.
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TABLE IV
COMPARISON WITH OTHER METHODS ACHIEVED CC-CV REPORTED IN THE LITERATURE

Misalignment

Ref. (coil +compensz§i(z)r:11}::(())rrlr?;:)rr11§rrlrtl t-)i-esl;vitch +rectifier) poadvannon ol fcnaton
Rec/Q  Rev/Q k MuH cC Ccv
[30] 4+5+0+2 25-43 55-300 0.1-0.2 / 5% 5%
[31] 4+11+1+1 36-42  42-410 0.1-0.2 / 4.2% 42%
[32] 4+12+2+1 36-48  48-480 / 25-40 5% 5%
[33] 4+11+2+1 15-18 19-70 / 18-34 5% 5%
This work 2+6+2+1 21-24 24240 0.15-022  20-30  0.34% = 2.69%
B Preciie: M P Bl Poies parameters. Moreover, it can use other algorithms to obtain the
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Fig. 18. Power losses of the proposed IPT system. (a) In CC mode, R = 21 €2,
M = 20 pH. (b) In CC mode, R = 23 Q, M = 30 pH. (¢c) In CV mode, R =
24 Q, M = 26 pH. (d) In CV mode, R = 240 Q, M = 28 uH.

C. Analysis of Power Loss

To further illustrate the distribution of power losses, the power
losses of the proposed IPT system are given in Fig. 18. The
conduction loss on the passive components and the conduction
loss of the wires are relatively difficult to measure, so these types
of power losses are categorized as Pothers-

D. Discussion

To show the advantages of the proposed method, the per-
formance of the proposed approach is compared with other
methods, as presented in Table I'V.

Compared with other methods in [30], [31], [32], and [33],
the number of all the components of the proposed method is
the fewest. Besides, the variations of the load and the cou-
pling coefficient or the mutual inductance are acceptable and
comparable. Moreover, this work’s current fluctuation in CC
mode and the voltage fluctuation in CV mode are the lowest.
Therefore, the proposed method for CC-CV charging against
varying mutual inductance and load is significantly superior to
the other methods.

For this IPT system, with seven variables, three objectives,
and a few limitations, selecting the parameters takes a large
calculation. Therefore, the NSGA-II algorithm [35], which has
outstanding advantages (easy to implement, fast convergence
speed with high accuracy) is specifically chosen to select the

parameters if there are any better ones calculating faster and
more accurately.

V. CONCLUSION

A method for optimizing the compensation parameters of
the IPT system is proposed in this article. It is designed to
realize CC and CV outputs with misalignment tolerance for
battery charging. The NSGA-II algorithm is used to design
the compensation components of the system. The compensation
components are not predefined as inductors or capacitors, they
are decided by the appropriate parameters after the optimization
according to the requirements. An experimental prototype is
built to verify the proposed method. The results show that when
the load varies from 21 €2 to 240 2 and the mutual inductance
varies from 20 pH to 30 pH, the system can achieve CC-CV
charging. The fluctuation of current in CC mode is less than
0.34%, the fluctuation of voltage in CV mode is less than 2.69%,
and the maximum efficiency reaches 93.5%, which shows a
great performance of the proposed method for the IPT system
considering the mutual inductance and load variations. In the
future, the optimization including the ESRs of the coupling coils
will be considered.
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